Patterns that formed spontaneously upon heating thermally evaporated thin films of gold ͑Au͒ and chromium ͑Cr͒ on silicon ͑Si͒ substrates to 500°C were investigated. A variety of patterns were observed. The type of pattern formed correlated with the thickness ratio of Cr to Au. The most striking pattern consisted of concentric rings spaced approximately 10-30 m apart. Each ring was composed of pits 2 -5 m in length, which extended 200-400 nm into the silicon substrate. While concentric patterns are widely seen in chemical reaction-diffusion systems, pattern formation in the heated Au/ Cr/ Si system has not been previously observed. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2937309͔
The spontaneous formation of ordered patterns, out of equilibrium, is scientifically intriguing since this phenomenon is characteristic of living systems; these patterns have been widely observed in chemical reaction-diffusion systems. 1, 2 Pattern formation has also been observed in some metallic thin film systems; these include patterns formed in gold ͑Au͒ films deposited on polymers due to mismatch in thermal expansion, 3 in flash-annealed tantalum films on silicon ͑Si͒, 4 and in laser-induced recrystallization of nanoscopic metal films. 5 In this letter, we describe the spontaneous patterns observed when Si wafers coated with thermally evaporated Au and chromium ͑Cr͒ thin films were heated to 500°C. Au and Cr thin films on Si are widely used in microelectronic, biosensor, and microelectromechanical systems. Cr improves adhesion of Au to the underlying Si substrate. Upon heating, Cr and Au can interdiffuse and react with Si. This intermixing and reaction impacts the performance and reliability of thin film circuits and devices fabricated with these materials. 6, 7 Additionally, the Cr/ Au/ Si system represents a complex yet interesting test bed for studying reactiondiffusion based pattern formation. Reaction-diffusion systems are those wherein two or more chemical species react while simultaneously spreading by diffusion. We have systematically studied pattern formation with varying Cr/ Au thickness ratios; however, we focus on an ordered concentric circular pattern that was found when heating Au/ Cr/ Si films with a Cr/ Au thickness ratio ͑R͒ of approximately 1.3 ͑65 nm Cr, 50 nm Au͒.
In our studies, Au and Cr were thermally evaporated ͑10 −5 Torr͒ at different thickness ratios on commercial 75 mm Si wafers at the rate of approximately 0.01 nm/ s for 1 nm, 0.05 nm/ s for the following 4 nm, and then at 0.1 nm/ s for the remaining thickness. It should be noted that the native oxide ͑SiO 2 ͒ on Si was present in our studies and influenced the temperature at which pattern formation occurred, as described later. We studied pattern formation by uniformly heating the Au/ Cr/ Si substrates from room temperature to 500°C over a period of 10 min. The temperature was then maintained at 500°C for 1 h. The temperature at the surface of the wafer was measured using infrared thermometry and a calibrated thermocouple.
We observed a variety of patterns when heating Au/ Cr/ Si͑100͒ films with different thickness ratios ͑Fig. 1 and see EPAPS 8 ͒. In the absence of Cr ͑i.e. Au/ Si͒, circular mounds ͓Fig. 1͑a͔͒ 1-2 m high were observed, when heated above 370°C. We believe that the circular features in the Au/ Si system are a result of a eutectic reaction between Au and Si. A eutectic reaction results in the formation of a liquid phase from two solid phases upon heating. Au and Si undergo a eutectic reaction at 363°C with a Si mole fraction of 0.186. 9 We observe, from Fig. 1͑a͒ , that the Au reacts with the Si only at specific nucleation sites. This inhomogeneous reaction can be attributed to the presence of the native SiO 2 barrier and the high atomic ratio of Au required for eutectic formation.
When Cr films as thin as 2.5 nm ͑R = 0.05͒ were deposited between the Au and Si, the circular features disappeared and rectangular parallelepiped-shaped pits were observed ͓Fig. 1͑b͔͒; moreover, these pits appeared only when the wafers were heated to a higher temperature of approximately 500°C. The pits were observed at other Cr/ Au ratios as well. We outline the primary reactive and diffusive processes that occur when wafers with Cr inserted between Au and Si are heated. Cr is known to diffuse through thin films of Au to the air-Au interface where it becomes oxidized. 10 In some of our films with high Cr/ Au ratios, we observed a greenish color after heating, characteristic of Cr 2 O 3 ;
11 Cr also reacts with Si to form chromium silicides. 12 The pits on the Si ͑100͒ wafers were outlined by crystallographic planes parallel and perpendicular to the wafer flat; on Si ͑111͒ substrates ͑at R = 1.3͒ triangular pits were observed. The exact mechanism for the formation of crystallographically faceted pits is not entirely clear; however, evidence for both oxide and silicide reactions was obtained from Auger depth profiles on heated wafers ͑see EPAPS 8 ͒. Regarding the higher temperature at which the features were observed ͑pits at 450-500°C for Au/ Cr/ Si versus circular mounds at 370°C for Au/ Si͒, we note that the intermixing of Au and Si is prevented by the Cr layer, until it is depleted. Cr can be depleted by diffusing to the air interface where it gets oxidized or by reacting with the underlying Si. The reaction of Cr with the underlying Si is prevented by the SiO 2 until around 450°C. 13 Hence, the native oxide is an important barrier in the intermixing of Cr and Si at lower temperatures. This barrier is thin however and can be bridged at temperatures above 450°C, allowing intermixing of Cr, Si, and subsequently Au.
Systematically increasing the Cr/ Au ratio dramatically altered the arrangement of the pits. Hence, while at R = 0.05 isolated pits were observed, when the ratio was increased to 0.2, the pits were arranged in a polyomino structure ͓Fig. 1͑c͔͒. These patterns are reminiscent of those observed in epitaxial growth of Au on Si.
14 At higher thickness ratios of 0.4, starburst patterns were observed ͓Fig. 1͑d͔͒. However, at ratios above 0.9, concentric circular patterns appeared ͓Fig. 1͑e͔͒ and eventually formed circular but nonconcentric Turing-like patterns ͓Fig. 1͑f͔͒. 2 Here, we focus on the concentric patterns observed when the Cr/ Au thickness ratio was about 1.3. These patterns, consisting of rectangular and triangular pits, were observed on both Si͑100͒ and Si͑111͒ substrates ͓Figs. 1͑g͒ and 1͑h͔͒.
When the Si substrate was replaced with glass or alumina, the patterns did not form, indicating that pure Si was needed for pattern formation. We also observed no pattern formation when Cr and Au were evaporated on Si wafers with a thick ͑500 nm͒ thermally grown oxide. Additionally without Au or Cr, no patterns were observed. Hence, Au, Cr, and Si are all needed for circular pattern formation.
While we were able to repeatedly reproduce the concentric patterns at ratios of 0.9 to 1.3, ͑patterns at R = 1.3 were reproduced on films deposited in two different evaporators͒, their quality and definition varied. As stated earlier, we discovered these concentric patterns while heating Si͑100͒ wafers with a Cr/ Au thickness ratio of approximately 1.3, as estimated by Auger depth profiling. Initially, we found the patterns forming on wafers that had been evaporated over a year prior to the heating experiments. These patterns had extremely high quality as compared to freshly evaporated samples ͓compare Fig. 2 to Fig. 1͑e͔͒ , indicating that ageing may also influence the pattern quality.
The concentric patterns were extensively characterized using a combination of optical, electron, and atomic force microscopy in addition to Auger electron spectroscopy. The individual pattern features were rectangular pits ͓but more irregular than those observed in Fig. 1͑b͔͒ with their long axis perpendicular to the propagation direction of the rings. Some of the features within each ring were interconnected. The ring pattern originated from multiple locations at different nucleation sites on the wafer and propagated outward in the radial direction at the rate of approximately 14 m / s until the entire sample surface area was covered with the pattern ͑see EPAPS 8 ͒. When two or three pattern fronts came together, a boundary was formed as seen in Fig. 2͑b͒ . In the boundary, there was a distinct region where no patterns were observed ͑i.e., the patterns from adjacent fronts did not merge into each other͒. A surface topographic analysis ͑Fig. 3͒ shows that the pattern features are pits that extend 200-400 nm deep into the Si substrate. Energy dispersive spectroscopy ͑EDS͒ maps of Si, Au, and Cr, along with the corresponding scanning electron microscopy ͑SEM͒ image of the micron sized pattern elements taken at 30 KeV were obtained ͑Fig. 3͒. It should be noted that at this electron beam energy, the electron beam penetration depth in Au, Cr, and Si is greater than the film stack thickness of 70 nm. EDS maps show that the features consisted of pits rich in both Au   FIG. 1 . ͑Color online͒ The patterns observed on heating Au/ Cr/ Si with varying Cr/ Au ratio R. ͑a͒ At R =0 ͑0 nm Cr, 50 nm Au͒, circular mounds were observed at random locations on the Si͑100͒ wafer. ͑b͒ At R = 0.05 ͑2.5 nm Cr, 50 nm Au͒, rectangular parallelepiped-shaped pits were observed at random locations on the wafer. ͑c͒ At R =0.2 ͑10 nm Cr, 50 nm Au͒, polyomino structures were observed. ͑d͒ At R = 0.4 ͑20 nm Cr, 50 nm Au͒, starburst patterns were observed. ͑e͒ At R Ͼ 0.9, e.g., R = 1.3 ͑65 nm Cr, 50 nm Au͒ concentric patterns were observed. ͑f͒ At R = 3.25 ͑65 nm Cr, 20 nm Au͒, nonconcentric Turing-like patterns were observed. ͑g͒ AFM images of rectangular parallelepiped pits observed ͑at R = 1.3͒ on the Si͑100͒. ͑h͒ Triangular pits observed ͑at R = 1.3͒ on the Si͑111͒ substrate. and Cr. Sometimes a small region was observed within the pit that was rich in Si. Auger depth profiling ͑see EPAPS 8 ͒ was performed on the wafer before and after heating. Before heating, the wafer showed the Au/ Cr/ Si stack as expected with intermixed interfaces. However after heating, the top layers were covered with Cr and O ͑O from the oxidized chromium at the surface͒, while the Au and Cr had diffused into the Si substrate.
We believe that the patterns are formed due to a combination of reaction and diffusion. Upon heating, the Cr diffuses through the Au to the Au-air interface where it oxidizes, thus preventing its diffusion back toward the Si. This results in Au moving closer to the Si interface. However, Au has to be in excess and in contact with Si to form a eutectic. Although the Au-Si eutectic starts to form at 363°C, this reaction is prevented by the dense Cr layer separating Au from Si. Above around 450°C, the Cr breaks through the native oxide and reacts with the Si. Subsequently, chromium is involved in two reactions: chromium oxide formation at the air interface and chromium silicide formation at the Cr/ Si interface. Initially, the Cr would react with Si at defect sites in the oxide layer. Once Cr begins to react with Si, Au can also react with Si at certain nucleation sites, since Cr would deplete at the Au/ Cr interface due to its reaction with Si. Hence, at this interface there is a competition between Au and Cr to form their respective silicides and intermixing of Au, Cr, and Si.
In order to form a eutectic, the Au has to be in excess, and we believe that after nucleation, there is a driving force for more Au to move toward the nucleation site, resulting in a depletion of Au in surrounding regions. Hence, waves of high Au concentration surrounded by regions of low Au concentration are formed and propagate radially. One piece of evidence for this conclusion is that the pitch of the rings decreased with increasing Au thickness. Assuming that the Au-Si eutectic is achieved in the features, it would require Au:Si to be in a molar ratio of approximately 4:1. Hence, with a thicker Au film, less Au is needed from the surrounding areas to provide the excess Au required to initiate the eutectic reaction with Si. Our data reflected this conclusion such that at ratios from 0.9 to 1.3, 25 nm thick Au had a pitch of 50 m, 50 nm thick Au had a pitch of 25 m, and 75 nm thick Au had a pitch of 10 m. One more piece of evidence is that when the patterns from different nucleation sites came in contact with each other, they never merged ͑because the pattern fronts were immediately surrounded by regions of low Au concentration͒.
In conclusion, we have observed a variety of patterns in Au/ Cr/ Si thin film stack, including a concentric ring pattern. The proposed mechanism is complicated by the fact that thermodynamic, diffusion, and kinetic constants for this system are unavailable and are moreover affected by the thickness, age, and deposition conditions. Hence, further quantitative measurements of thermodynamic and kinetic parameters combined with theoretical modeling are necessary to elucidate the exact types of patterns formed at different Au/ Cr ratios, as well as the size, shape and number of pits formed within each pattern. We do believe though that the important reaction and diffusion processes occurring have been outlined. In addition, we believe that apart from being intriguing, these patterns may be important for the reliability of thin film devices and in templating patterns.
